We present Warp, a hardware platform to support research in approximate computing, sensor energy optimization, and energy-scavenged systems. Warp incorporates 11 state-of-the-art sensor integrated circuits, computation, and an energy-scavenged power supply, all within a miniature system that is just 3.6 cm×3.3 cm×0.5 cm. Warp's sensor integrated circuits together contain a total of 21 sensors with a range of precisions and accuracies for measuring eight sensing modalities of acceleration, angular rate, magnetic flux density (compass heading), humidity, atmospheric pressure (elevation), infrared radiation, ambient temperature, and color. Warp uses a combination of analog circuits and digital control to facilitate further tradeoffs between sensor and communication accuracy, energy efficiency, and performance. This article presents the design of Warp and presents an evaluation of our hardware implementation. The results show how Warp's design enables performance and energy efficiency versus accuracy tradeoffs.
We present Warp, a hardware platform to support research in approximate computing, sensor energy optimization, and energy-scavenged systems. Warp incorporates 11 state-of-the-art sensor integrated circuits, computation, and an energy-scavenged power supply, all within a miniature system that is just 3.6 cm×3.3 cm×0.5 cm. Warp's sensor integrated circuits together contain a total of 21 sensors with a range of precisions and accuracies for measuring eight sensing modalities of acceleration, angular rate, magnetic flux density (compass heading), humidity, atmospheric pressure (elevation), infrared radiation, ambient temperature, and color. Warp uses a combination of analog circuits and digital control to facilitate further tradeoffs between sensor and communication accuracy, energy efficiency, and performance. This article presents the design of Warp and presents an evaluation of our hardware implementation. The results show how Warp's design enables performance and energy efficiency versus accuracy tradeoffs.
Approximate Computing | Approximate Communication | Sensors | Energy Scavenging S ensor integrated circuits are critical components of many hardware platforms, from augmented reality and wearable health monitors, to drones. Sensors convert physical signals such as temperature, vibration, rotation, and so on, into signals which are then digitized and used in computations. Because sensor circuits are often constrained by the physics of the phenomena they are designed to measure, sensors often do not bene t from the scaling of semiconductor technology that has enabled dramatic reduction in power dissipation of digital logic. As a result, sensors today constitute an important component of the power dissipation in many energy-constrained platforms such as those that operate of scavenged energy.
The power dissipated by sensors depends on their electrical conguration (e.g., supply voltage) as well as on their software conguration (e.g., number of bits per sample for sensors with digital interfaces). These con guration parameters also a ect the precision and accuracy of samples produced by sensors. System designers can capitalize on this observation to trade energy e ciency and performance for precision ( neness of measurement resolution) and accuracy (di erence between measured signal values and the true signal value). These tradeo s have been investigated by several research e orts in the last decade (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) . Despite the signi cant research interest in e ciency versus precision and accuracy tradeo s however, no common open hardware platforms for research evaluation exist today. This article introduces Warp, an open * hardware platform for evaluating hardware and software techniques that trade precision, accuracy, and reliability for improved e ciency in energy-constrained systems. Warp lls an unmet need for research evaluation hardware, and the measurements from platforms such as Warp could serve as valuable error models for research on algorithms, programming languages, and software. * We plan to make the hardware design files, our basic firmware, as well as examples of measurement data, available on GitHub. Fig. 1 . The Warp hardware platform contains 11 sensor integrated circuits which together provide 21 sensors across eight sensing modalities (see Table 1 ). Warp uses this diversity of sensors together with circuit support for tradeoffs between precision, accuracy, performance, and energy-efficiency. An energy-scavenging photovoltaic subsystem powers the platform.
The Warp Hardware Platform
We designed Warp to provide a greater range of energy and correctness tradeo s than is available using commercially-available o -the-shelf platforms. Warp achieves this greater exibility by integrating sensors having a range of hardware-implemented precisions and accuracies, by incorporating new hardware facilities for approximation (Section A), and by powering the entire platform from scavenged energy using a miniature photovoltaic array (Section B). Integrating these facilities into 3.6 cm×3.3 cm×0.5 cm (Section C) makes it feasible to deploy Warp in realistic use cases. Figure 1 shows the system organization of Warp. The sensors in Warp cover eight sensing modalities: temperature, acceleration in three axes, angular rate in three axes, magnetic ux density in three axes (often used as a digital compass), humidity, pressure (for measuring, e.g., atmospheric pressure or elevation), infrared (IR) radiation, and color (a red-green-blueclear sensor with lters for 615 nm, 525 nm, and 465 nm light). For each of the rst six modalities, Warp contains at least two di erent state-of-the-art sensor hardware implementations, each of which represents a di erent point in the tradeo space between precision, PSM formulated the problem, designed the hardware, and performed the measurements. Both authors contributed to the writing. (17)). Table 1 lists the sensors, their operating voltage ranges, and appropriate metrics for characterizing their output precision, accuracy, and noise.
The sensors in Table 1 have a range of accuracies and output noise. By including multiple hardware implementations of sensors for the same sensing modality. Warp allows its users to evaluate techniques that tradeo accuracy for power. Having multiple sensors for the same modality also makes it possible to implement techniques for improving accuracy, such as using simultaneous sampling together with signal correlation to improve signal-to-noise ratios in sensing applications.
For the accelerometers, gyroscopes, and magnetometers in Warp, the last column in Table 1 quanti es the number of measurement value digits that remain stable in a set of 100 measurements conducted with the measurand nominally unchanging. These results show that the noise inherent in measurements using the sensors in Table 1 as represented by the number of signi cant digits or the coe cient of variation (COV) is consistently large: In all the measurements, the ratio of the standard deviation to the mean (i.e., the coe cient of variation (COV)) is at least 0.9% and in some cases over 110%. Because of this variation, the impact of sensor data approximation techniques which introduce random errors in sensor values (10) or which introduce quantization noise without decreasing a signal's dynamic range (13) may be naturally masked by inherent measurement uncertainty which the applications which consume sensor data must already contend with. Because its sensors allow sampling at a range of bits per sample (column 4 of Table 1 ), Warp also supports applications which may be intolerant of noise, but which can tolerate reduced precision or reduced dynamic range.
A. Hardware support for approximate sensing. Warp implements two complementary hardware facilities for trading improved sensor energy e ciency for sensor data precision, sensor data accuracy, sensor access reliability, and sensor measurement latency.
Sensor accuracy and reliability tradeo s: Warp implements the Lax (10) sensor hardware approximation technique using two software-controlled voltage regulators. Warp uses two miniature voltage regulators, both occupying less than 7 mm 2 in circuit board area. The Warp printed circuit board design can be populated with one regulator with a programmable output voltage range of either I2C. For an I2C interface operating at an I/O supply voltage of 2.5 V, the average power dissipated in a 4.7 kΩ pull-up resistor is 1.3 mW; this is more than the power dissipation of most sensors in Warp.
B. Energy scavenging.
The Warp platform contains a photodiode array for energy scavenging. A boost regulator (TI TPS61070) serves as a charge pump between the series connected photodiodes and a supercapacitor array having a total capacitance of 0.72 F.
C. Implementation miniaturization. We optimized the implementation of Warp for size to achieve a form factor that is small enough for use in user studies (e.g., as a wearable platform). To achieve this level of integration, we implemented Warp using a 10-layer printed circuit board process with a board thickness of 62 mils (1.6 mm). Fully populated with components, the Warp prototype is only~5 mm thin. The platform is programmed via an auxiliary extension of the main implementation board which contains a second processor (identical to the main processor).
Evaluation
We use a Keysight B2962A source-measure unit (SMU) for power measurements. The B2962A is a laboratory-grade 6.5-digit 4-quadrant SMU intended for low-power circuit characterization. It provides current sourcing precision of 10 fA, voltage sourcing precision of 100 nV, current measurement precision of 10 nA, and voltage measurement precision of 200 mV. These current and voltage measurement specications enable us to measure power dissipation to a resolution of better than 1 µW. Figure 2 
A. Performance versus power tradeoff results.
4.93332 Kurtosis: 2.39128 (3 is Gaussian), Skewness: -0.103284, Coefficient of Variation of Abs[data]: 0.018695, Min: -274.5, Max: -252.5, Significant Decimal Digits in Measurement Batch: 1 Significant Binary Digits in Measurement Batch: 1 Est. Dist.: NormalDistribution[-263.869, 5.10545] The null hypothesis that the data is distributed according to the NormalDistribution[x . . , y . . ] is not rejected at the 5.
B. Sensor accuracy versus voltage tradeoff results.
We evaluate the tradeo between accuracy of sensor data, power, and performance, by operating all three of the accelerometers and two of the gyros in Warp over a range of supply voltages. For each of the three axes of these ve sensors (15 signal dimensions in total), we operate the sensors at one of eight supply voltages uniformly spaced between 1.8 V and 2.5 V, a total of 120 measurement con gurations. In each of these 120 measurement con gurations, we compare the average of 100 sensor signal measurements at each of the eight supply voltage settings to an average of 100 sensor measurements when the sensor is operating under identical conditions but at a supply voltage of 2.5 V. Figure 3 shows examples of the distributions of values from two of the 15 signal types. Figure 3(a) shows the distributions of z-axis magnetic ux values returned by the BMX055 magnetometer (typically used in consumer applications as a digital compass), in a xed orientation, as we change the supply voltage of the sensor from 1.8 V to 2.5 V. Figure 3(b) shows the distribution of sensor values measured at 2.5 V, with a histogram of random variates drawn from a Gaussian distribution with the same mean and variance overlaid. The null hypothesis that the data is distributed according to the Gaussian with the same mean and variance as the sample is not rejected at the 5% level based on the Cramér-von Mises test. values obtained from the ADXL362 accelerometer in a xed orientation, as a function of sensor supply voltage. The distributions in Figure 3 (c) show signi cantly greater separation than those in Figure 3 (a) and are distinctly non-Gaussian, as the overlay of the Gaussian with the same mean and variance in Figure 3(d) shows. The null hypothesis that the data is distributed according to the Gaussian with the same mean and variance as the sample is rejected at the 5% level based on the Cramér-von Mises test. Figure 4 , Figure 5 , and Figure 6 show the convergence of the arithmetic mean of 100 samples taken at each sensor operating voltage, as a function of voltage. The results show that the accelerometers and magnetometers in Warp provide a useable tradeo between supply voltage (and hence power dissipation) and accuracy with respect to the output at a reference operating voltage (2.5 V in our measurements). The gyroscopes provide less distinct trend in improving accuracy from higher supply voltage operation. We attribute this observation to the higher variance in the output of the gyros. As the last column of Table 1 shows, both the BMX055 and the L3GD20H gyroscopes have high coe cients of variation of over 115%, indicating that the value of the standard deviation across the 100 samples in each measurement set was even larger than the value of the mean. 
Conclusions
Data from embedded sensing systems form the foundation for applications ranging from wearable health monitors to infrastructure monitoring and augmented reality. In many of these sensor-driven systems, energy is severely constrained and techniques to improve energy e ciency or to trade energy e ciency for some other system metric are valuable. This article introduces Warp, an open hardware platform for research in energy e ciency, performance, and approximation tradeo s for energy-scavenged systems. Warp contains a total of 21 sensors covering eight sensing modalities, a processor, a Bluetooth Low Energy (Bluetooth LE) radio for communication, and is powered by a photovoltaic energy scavenging array, all within a miniature system of just 3.6 cm×3.3 cm×0.5 cm and complements existing research platforms targeted at precise execution on RF-scavenged energy (18) .
Warp integrates custom hardware in the form of programmable I/O pullups and dynamically recon gurable sensor supply voltages to enable performance and energy e ciency versus accuracy tradeo s. This article presents an overview of the design of Warp and presents measurement results demonstrating Warp's performance and energye ciency versus accuracy tradeo s.
